Isomerization of n-butenes was investigated over binary oxides Zn0-Si02 having different mole ratios and the nature of active sites and the mechanism of the reaction were examined.
Introduction
The mixed oxides of TiO2-ZnO1) and TiO2-SiO22) were reported to show high acidity as well as high catalytic activity and selectivity which
were not found in each component oxide.
Recently, we found that ZnO-SiO2 also exhibited high activity for the isomerization of 1-butene, though ZnO or SiO2 showed little or no activity3).
In the present work, we have studied the relztion of the acidic and basic property of ZnOSiO2 with the catalytic action for the isomerization of butenes in order to elucidate the active sites and the reaction mechanism.
2 Experimental
Catalyst Preparation
ZnO-SiO2 having different ratios of ZnO to SiO2 was prepared from aqueous solution of zinc nitrate and ethyl silicate by co-precipitation with 28% aqueous ammonia. The final pH of the was thoroughly washed with deionized water and
ZnO and SiO2 were prepared from the aqueous solutions of zinc nitrate and ethyl silicate, respectively, by adding 28% aqueous ammonia and washed, dried and calcined as above. Acidity was measured by Johnson's method4), using a series of Hammett indicators5). 0.5g of catalyst pretreated at various temperatures was put into benzene and titrated with 0.1N nbutylamine benzene solution. Indicators used here were dicinnamalacetone (pKa=-3.0), benzeneazodiphenylamine (pKa=1.5), and dimethyl yellow (pKa=3.3).
Basicity was measured by the titration with 0.1 N benzoic acid in benzene, using phenolphthalein (pKa=9.3) as an indicator. In poisoning experiments, O2 CO2 NH3 and pyridine were injected between or mixed with butene pulses. Two kinds of tracer experiments were carried out in which deuterium was used as a tracer. One was the reaction over deuterated catalyst and the other was co-isomerization reaction where nearly equimolar mixture of cis-2-butene (d0) and perdeuterated cis-2-butene (d8) was used as a reactant. In the tracer experiment, 1.0ml (NTP) of the reactant was used and the products were trapped at liquid nitrogen temmatographic column in which 30% propylene carbonate on Uniport C was packed and operated and subjected to Mass spectral analysis. The mass spectral analyses were made on Hitachi RMU-6 spectrometer. The ionization voltages were kept sufficiently low so as to minimize fragmentation.
Preparation of Perdeuterated Butenes
Perdeuterated butenes were prepared by the exchange reaction of butene with D2. The mixture of butene and D2 (1:4) was recirculated for several hours at room temperature over MgO exchanged butenes were trapped at liq. N2 and gas phase was replaced by fresh D2. This procedure was repeated more than seven times.
enrich the 1-butene and cis-2-butene in the mixture. Then, three butenes were separated chromatographically and each butene was trapped.
The isotopic purity was more than 99.6%, that is 97% of d8 and 3 % of d,.
3 Results
Surface Properties
X-ray diffraction analyses showed that the On all samples, no bands were detected at 1,540cm-1 which was due to pyridinium ion6).
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Isomerization of Butenes
In the reaction condition employed, only three n-butenes were produced. The first pulse was always converted higher than the following pulses. But the conversion became constant after the third pulse, which was about 20% less than that of the first pulse in all cases except over The effects of O2, CO2, pyridine and ammonia on the isomerization of cis-2-butene were examined over ZnO-SiO2 (3:7) and ZnO-SiO2 (9:1) at activity and changed the selectivity. However, O2 and CO, had no effect on both activity and selectivity. The poisoning effect of ammonia on ZnO-SiO2 (9:1) is shown in Fig. 6(a) . The activity diminished when the mixture of cis-2-butene and ammonia was injected (t=0) and gradually recovered until 95% of its original one after 90min. The ratio of trans-2-butene to 1-butene increased with the recovery of the activity and finally showed 3.2 which was higher than 2.5 of unpoisoned value. Substantially the same feature was observed with ZnO-SiO2 (3:7) as shown in Fig. 6(b) .
Deuterium distributions in the isomerizations
over deuterated catalyst and the co-isomerization are listed in Table  3 . Catalyst used here was In co-isomerization, the products were mostly d0 and d8 compounds. The number of H(or D) atoms exchanged per molecule (AEM) was calculated by the equation7), where d4 was assumed to come equally from do and d8 reactant, "light molecule" and "heavy molecule" represent the molecules which come from light reactant and perdeuterated reactant, respectively. The ratios were calculated to be 1.98 and 2.18 for the formation of 1-butene and trans-2-butene, respectively. Since this ratio represents the isotope effect (IE), both of the reactions from cis-2-butene showed nearly the same isotope effect. Judging from the selectivity observed in this study, the active sites of ZnO-SiO2 are considered to be acidic sites. In poisoning experiments, only basic molecules such as pyridine and ammonia retarded the reaction and acidic molecule of CO2 which was assumed to adsorb on basic sites did not decrease the activity. This also suggests that the active sites are acidic sites. values of the isotope effect observed indicate that the slow step is the cleavage of C-H bond. The slow step is common for two kinds of isomerizations and the abstraction of H from the reactant. Since the active sites were estimated to be acidic, hydride ion (H-) may be abstracted at allylic hydrogen of butenes to form allylic carbonium ion.
The formation of trans-2-butene from cis-2-butene involves the rotation of C2-C3 bond.
If the allylic carbonium ions are adsorbed in such a configuration as the rotation of C2-C3 bond being limited, the ratio of trans-2-butene to 1-butene would be low and the isotope effect would not be observed for the formation of trans-2-butene.
On the other hand, if the C2-C3 bond rotates freely, the ratio of trans-2-butene to 1 -butene would be close to the equilibrium value. This is the observed result.
The mechanism of the acidity generation of ZnO-SiO2 is explained by the hypothesis regarding the surface acidity of various mixed oxides that we proposed previously14).
